Dynamic organization of microtubule minus ends is vital for the formation and maintenance of acentrosomal microtubule arrays. In vitro, both microtubule ends switch between phases of assembly and disassembly, a behavior called dynamic instability. Although minus ends grow slower, their lifetimes are similar to those of plus ends. The mechanisms underlying these distinct dynamics remain unknown. Here, we use an in vitro reconstitution approach to investigate minus-end dynamics. We find that minus-end lifetimes are not defined by the mean size of the protective GTP-tubulin cap. Rather, we conclude that the distinct tubulin off-rate is the primary determinant of the difference between plus-and minus-end dynamics. Further, our results show that the minus-end-directed kinesin-14 HSET/KIFC1 suppresses tubulin off-rate to specifically suppress minus-end catastrophe. HSET maintains its protective minus-end activity even when challenged by a known microtubule depolymerase, kinesin-13 MCAK. Our results provide novel insight into the mechanisms of minus-end dynamics, essential for our understanding of microtubule minus-end regulation in cells.
Introduction
Microtubules are biological polymers essential for cell division, intracellular transport, and morphogenesis. These structurally polar polymers are composed of αβ-tubulin heterodimer subunits that polymerize head to tail, such that only β-tubulin is exposed at the plus end and α-tubulin at the minus end (Nogales et al., 1995; Fan et al., 1996) . A quintessential feature of microtubules is their stochastic switching between phases of growth and shrinkage, called dynamic instability (Mitchison and Kirschner, 1984) . Historically, studies of microtubule dynamics almost exclusively focused on microtubule plus ends, which are often highly dynamic in cells. In contrast, minus ends are often anchored at microtubule organizing centers and have, thus, been generally presumed to be nondynamic (Dammermann et al., 2003) . However, many cells, including meiotic oocytes, epithelial cells, and neurons, also contain microtubule populations with "free" minus ends, (Yvon and Wadsworth, 1997; Dammermann et al., 2003; Sanchez and Feldman, 2017; , and even within mitotic spindles where microtubules emanate from centrosomes, large populations of minus ends remain uncapped by γ-tubulin (O'Toole et al., 2003; Redemann et al., 2017) . It is therefore increasingly evident that active regulation of minus ends is key to microtubule organization and function (Akhmanova and Hoogenraad, 2015; Akhmanova and Steinmetz, 2015; .
Early in vitro reconstitution studies demonstrated that, although both microtubule ends exhibited dynamic instability, minus ends had distinctly slower growth rates and less frequent transitions from growth to shrinkage, termed "catastrophe" (Bergen and Borisy, 1980; Mitchison and Kirschner, 1984; Horio and Hotani, 1986; Walker et al., 1988) . Microtubules grow by addition of GTP-bound tubulin subunits, and incorporation of tubulin dimers into the polymer triggers GTP hydrolysis in the β-tubulin subunit after a brief delay, resulting in a "cap" of GTPtubulin at growing microtubule ends. The process of GTP hydrolysis induces structural changes in the microtubule lattice, ultimately resulting in catastrophe if the cap is lost (Carlier and Pantaloni, 1981; Voter et al., 1991; Nogales et al., 1998; Zhang et al., 2015; Duellberg et al., 2016) . Over the last few decades, a myriad of analytical and computational models of microtubule catastrophe have emerged. They range from complex descriptions involving dozens of parameters, most of which are still not experimentally tractable, to simpler ones, using kinetic rates of tubulin association, dissociation, and hydrolysis, aiming to capture the key features of microtubule dynamics (Bowne-Anderson et al., 2013) . Our models of microtubule dynamics are almost exclusively based on the plus-end behavior. For example, it is thought that the size of the GTP cap plays an essential role in plus-end stability . Furthermore, it has been shown that plus-end catastrophe is not a single-step random process; rather, the probability of catastrophe increases over time, such that microtubule plus ends effectively age (Odde et al., 1995; Gardner et al., 2011b) . To what extent our understanding of plus-end dynamics applies to the minus end remains unknown.
In this study, we use biochemical in vitro reconstitution with purified protein components and total internal reflection fluorescence (TIRF) microscopy to directly interrogate minus-end dynamics. We first focus on determining the kinetic rates of tubulin assembly and the size of the stabilizing cap at minus ends in the absence of additional regulators. We then use two human mitotic kinesins, kinesin-13 MCAK and kinesin-14 HSET/ KIFC1, to probe our understanding of minus-end dynamics. MCAK is an extensively studied microtubule depolymerase, which indiscriminately targets and destabilizes either microtubule end (Wordeman and Mitchison, 1995; Walczak et al., 1996; Desai et al., 1999; Moores et al., 2002; Hunter et al., 2003; Helenius et al., 2006; Benoit et al., 2018) . HSET is a minusend-directed kinesin identified to have a crucial role in focusing multipolar spindles in dividing cancer cells (Kwon et al., 2008; Wu et al., 2013; Pannu et al., 2015; Xiao and Yang, 2016; Fu et al., 2018) . Effects of HSET on microtubule dynamics have not previously been studied; however, given its minusend-directed motor activity (Case et al., 1997; Mountain et al., 1999; Norris et al., 2018; Reinemann et al., 2018) , it is a promising candidate for a minus-end-specific regulator.
Results and discussion
Microtubule minus ends undergo catastrophe less frequently than plus ends, when controlling for the growth rate To investigate the relationship between microtubule growth and catastrophe at minus ends, we used an established in vitro microtubule dynamics assay (Gell et al., 2010; Zanic, 2016) . We grew dynamic microtubule extensions from guanosine-59-[(α,β)methyleno]triphosphate (GMPCPP)-stabilized microtubule "seeds" over a range of tubulin concentrations (4-13 µM) and imaged them using TIRF microscopy. The two microtubule ends were differentiated based on their relative growth rates ( Fig. 1 A) . We note that, in our study, we are not aiming to measure the rapid growth fluctuations occurring on the millisecond scale due to the extremely transient association of tubulin dimers (Gardner et al., 2011a) . Rather, we are interested in the kinetics of polymer-incorporated tubulin subunits. We therefore determined the tubulin on-rate at each end using a linear regression of the mean growth rates as a function of tubulin concentration (Oosawa, 1970;  Fig. 1 B; see Materials and methods). We found the minus-end tubulin on-rate to be nearly four times smaller than that of the plus end (0.88 ± 0.04 µM −1 s −1 vs. 3.34 ± 0.02 µM −1 s −1 , respectively), consistent with previous reports (Bergen and Borisy, 1980; Mitchison and Kirschner, 1984; Walker et al., 1988; O'Brien et al., 1990; Trinczek et al., 1993; Mickolajczyk et al., 2019) .
Measurements of catastrophe frequency revealed an eightfold decrease over the range of 4-13 µM tubulin at the plus end (0.45 ± 0.05 min −1 , standard error [SE], n = 71, to 0.057 ± 0.008 min −1 , SE, n = 55), consistent with previous reports (Walker et al., 1988; Drechsel et al., 1992; Gardner et al., 2011b; Fig. 1 C) . Minus ends were relatively stable in all of our experimental conditions and displayed only a twofold decrease in catastrophe frequency over the same range of tubulin concentrations (4-13 µM tubulin: 0.22 ± 0.06 min −1 , SE, n = 13, to 0.13 ± 0.01 min −1 , SE, n = 176; Fig. 1 C) . Both ends exhibited a trend in which increasing growth rates were accompanied by a decrease in catastrophe frequency ( Fig. 1 D) . However, comparison of plus and minus ends growing at similar growth rates (∼7 nm s −1 ), achieved using different tubulin concentrations, revealed nearly a fourfold lower catastrophe frequency at the minus end ( Fig. 1 D, shaded region). The finding that minus ends undergo catastrophe less frequently than plus ends when controlled for the growth rate emphasizes key differences in the dynamics of the two ends.
Minus-end catastrophe is not a single-step random process One potential difference in the catastrophe mechanism at the two ends may be due to distinct aging processes, as suggested by earlier studies (Odde et al., 1995) . To further explore this possibility, we measured the microtubule lifetime distributions at both ends with increased spatiotemporal resolution and larger sample sizes (n = 417-1206 lifetimes per condition) compared with the previous study (Odde et al., 1995) . We found that distributions of minus-end lifetimes were well fit by a gamma function (see Materials and methods) at both low (6 µM) and high (13 µM) tubulin concentrations ( Fig. 1 E and Fig. S1 ). None of the distributions, at either the plus or minus end, were well fit by a single-exponential function, as evidenced by the gamma function step parameters distinct from 1 ( Fig. 1 E and Fig. S1 ). At 13 µM tubulin, minus-end lifetimes had a step parameter of 2.3 ± 0.3 (95% confidence interval [CI] ). Furthermore, the comparison of gamma fit parameters at plus and minus ends growing with 6 µM tubulin revealed similar step parameters (minus: 2.0 ± 0.2 [95% CI]; plus: 1.7 ± 0.1 [95% CI]; Fig. S1 ). We conclude that like plus ends, minus ends also undergo aging, and that a distinct aging process at the minus end is not the cause of the observed differences in dynamics between the two ends.
Microtubule minus ends have small cap sizes, set by slow growth rate Next, we considered whether distinct dynamics at the two ends could be explained by the relative size of their stabilizing caps. The size of the GTP cap is set by the difference in the microtubule growth rate and the GTP hydrolysis rate (see Materials and methods) and can be inferred by localization of EB-family proteins, which recognize the nucleotide state of tubulin and display a "comet"-like localization at growing microtubule ends (Zanic et al., 2009; Maurer et al., 2012; Seetapun et al., 2012; Zhang et al., 2015) . Previous studies of microtubule plus ends found that the EB-comet size increased with the increasing tubulin concentration, correlating with the increase in microtubule growth rate (Bieling et al., 2007) . Additionally, increase in growth rate (achieved by increasing tubulin concentration) is typically accompanied by suppression of catastrophe frequency (Walker et al., 1988; Drechsel et al., 1992; Gardner et al., 2011b) , presumably due to the larger size of the stabilizing nucleotide cap Rickman et al., 2017) . We thus wondered whether the enhanced stability of microtubule minus ends is a result of inherently larger stabilizing nucleotide caps at minus ends.
To compare the size of the GTP cap at plus and minus ends, we analyzed localization of EB1-GFP at growing microtubule ends ( Fig. 2 A) . A direct comparison of EB1 comets at ends of microtubules grown with 40 µM tubulin revealed that slowergrowing minus ends have, on average, shorter EB1-comet decay lengths (minus end: 272 ± 10 nm [95% CI; n ≥ 865 linescans]; plus end: 383 ± 20 nm [95% CI; n ≥ 587 linescans]; Fig. 2 B, closed circles). To investigate whether the growth rate alone sets the size of the EB1 comets at both ends, we then used 20 µM tubulin to obtain slow plus-end growth rates to match those measured at the minus ends at 40 µM tubulin ( Fig. 2 B , open circles). We found that in 20 µM tubulin plus ends grew at the same rate (35 ± 3 nm s −1 , SE, n = 59) as minus ends in 40 µM tubulin (34 ± 5 nm s −1 , SE, n = 29) and that the corresponding average comet lengths were matched in these conditions (plus end at 20 µM tubulin: 276 ± 28 nm [95% CI; n ≥ 1220 linescans]; minus end at 40 µM tubulin: 272 ± 10 nm [95% CI; n ≥ 865 linescans]). Our results demonstrate that average EB1-comet size is set by the average growth rate, irrespective of the microtubule end. Importantly, even in the presence of EB1, minus ends exhibited lower frequency of catastrophe as a function of growth rate than plus ends, over a range of tubulin concentrations ( Fig. S2 A) . In other words, when plus and minus ends are growing at the same growth rates (in different tubulin concentrations), their cap sizes are equivalent; yet, minus ends have longer lifetimes. We thus conclude that the average size of EB1 comets alone does not define microtubule lifetime.
To measure minus-end cap size in the absence of EB1, we performed tubulin dilution experiments. Here, we grew dynamic microtubules in the presence of 6, 12, or 18 µM tubulin in a microfluidic device and, while imaging, rapidly exchanged solutions to wash out soluble tubulin with sub-second resolution ( Fig. S2 B) . Consistent with previous reports (Voter et al., 1991; Walker et al., 1991; Duellberg et al., 2016; Ti et al., 2016) , we observed a characteristic delay between tubulin washout and the onset of microtubule catastrophe, which we interpreted as the time during which the stabilizing cap is lost. We found that, in all investigated conditions, minus ends displayed shorter average delay times than plus ends (average across conditions: minus end: 4.7 ± 0.3 s, SE, n = 160; plus end: 8.6 ± 0.3 s, SE, n = 271; Fig. 2 , C and D). Delay times increased with instantaneous growth rate determined before dilution ( Fig. S2 C) , consistent with the idea that faster growth rates result in larger stabilizing caps. Similar to a recent finding for microtubule plus ends , we observed slight depolymerization of both microtubule ends during the delay period, distinct from the fast microtubule depolymerization that follows catastrophe. We found that the shrinkage length before catastrophe scaled with the average growth rate before washout, with minus-end shrinkage lengths smaller than those observed at plus ends ( Fig. S2 D) . Based on these results, we conclude that growing minus ends have smaller stabilizing nucleotide caps than plus ends, corresponding to their slower growth rates. Therefore, the increased stability of minus ends cannot be explained by the relative size of their stabilizing caps. GMPCPP-tubulin off-rate at minus ends is significantly lower than that at plus ends While our results showed that the size of the GTP cap alone is not the determinant of minus-end lifetime, we wondered whether any potential differences in the off-rate of GTP-tubulin incorporated into growing microtubule ends may play a significant role in setting the microtubule catastrophe frequency (Bowne-Anderson et al., 2013) . Based on a classic model of biological polymers (Oosawa, 1970) , the first order GTP-tubulin offrate (k T off ) can be determined from the y-intercept of the linear regression for microtubule growth rate as a function of tubulin concentration ( Fig. 1 B) . Notably, in this representation, the k T off is so small that it has essentially no effect on the microtubule growth rate at tubulin concentrations needed for robust microtubule elongation and can therefore not be precisely determined (Gardner et al., 2011a ).
An alternative approach to determine the k T off is to measure the depolymerization rate of microtubules grown with GMPCPP, a slowly hydrolysable GTP analogue . The GMPCPP microtubule lattice structure was recently validated as a faithful structural mimic of GTP-microtubule lattice (Zhang et al., 2018) ; however, a direct comparison of GMPCPPmicrotubule plus-and minus-end depolymerization rates has not been reported previously. To measure the GMPCPPmicrotubule depolymerization rate at both ends, we polaritymarked microtubules with Cy5-labeled GMPCPP-tubulin, so that faster-growing plus ends had larger stretches of Cy5tubulin ( Fig. 3 A; see Materials and methods). By observing GMPCPP-microtubule depolymerization over 15 h, we determined that the minus end had a significantly lower tubulin offrate of 0.054 ± 0.004 s −1 (SE, n = 56) when compared with the plus-end off-rate of 0.144 ± 0.006 s −1 (SE, n = 72; Fig. 3 B) . Given this significant difference in the tubulin off-rate at the two ends, we hypothesize that although the absolute size of the GTP cap is smaller, the minus-end GTP cap may be more stable. Thus, we conclude that the difference in the tubulin off-rate may be the primary determinant of minus-end lifetime.
Kinesin-14 HSET suppresses minus-end tubulin-off rate, in contrast to kinesin-13 MCAK Based on our findings, we expect that modulation of the GTPtubulin off-rate would have a specific effect on catastrophe frequency without significantly affecting the mean growth rate (Bowne-Anderson et al., 2013; see Materials and methods). To test this hypothesis, we used two human mitotic kinesin motor proteins, MCAK and HSET. MCAK is a kinesin-13 motor well known for its function as a microtubule depolymerase. MCAK has been shown to robustly depolymerize GMPCPP-stabilized microtubules in vitro, directly increasing the tubulin off-rate at both microtubule ends (Desai et al., 1999; Hunter et al., 2003; Helenius et al., 2006) . Consistent with previous reports, we found that the addition of 10 nM MCAK resulted in rapid depolymerization of GMPCPP-microtubules at both plus (7.7± 0.2 nm s −1 , SE, n = 139) and minus (8.0 ± 0.3 nm s −1 , SE, n = 140) ends ( Fig. 3 , C and D). HSET is a member of the kinesin-14 family of minus-end-directed motors. While HSET's effect on microtubule dynamics has not previously been reported, Kar3, a Saccharomyces cerevisiae member of the kinesin-14 family, was previously shown to act as a microtubule depolymerase (Sproul et al., 2005) . We thus wondered whether the Homo sapiens kinesin-14 HSET might also modulate the GTP-tubulin off-rate at microtubule ends.
When added to GMPCPP-stabilized microtubules, HSET molecules diffused along the microtubule lattice and accumulated at minus ends over time, consistent with previous reports using the Drosophila melanogaster HSET homologue Ncd (Fink et al., 2009) . However, in the presence of HSET, we did not observe any discernible depolymerization at either microtubule end over the course of a 15-min-long movie, similar to the control (Fig. 3 C) . It has recently been shown that the presence of soluble tubulin induces robust minus-end-directed processivity of HSET molecules . We thus tested whether the addition of soluble tubulin to HSET changed its ability to depolymerize microtubules, and again, we observed no depolymerization (Fig. S3, A and B) . However, when we combined 10 nM GFP-HSET with 10 nM MCAK, we observed rapid depolymerization at microtubule plus ends only ( Fig. 3 C) . The addition of HSET to MCAK significantly decreased depolymerization at Strothman et al.
Journal of Cell Biology minus ends, inducing a sevenfold reduction in the minus-end depolymerization rate when compared with the MCAK-alone condition (Fig. 3 D) . In contrast, HSET only mildly suppressed the plus-end depolymerization rate (1.7-fold), possibly due to the residual localization of HSET all along the microtubule lattice. We conclude that HSET antagonizes the MCAK-induced increase in the tubulin off-rate at microtubule minus ends. To further investigate whether HSET directly suppresses tubulin off-rate, we repeated tubulin dilution experiments using microtubules grown with 12 µM tubulin in the presence or absence of 100 nM GFP-HSET during both the growth and washout phases ( Fig. 3 E) . We found that HSET had no significant effect on plus-end delay times; however, we observed a significant increase in minus-end delay times in the presence of HSET (Fig. 3 F) . Individual delay times correlated with the average GFP-HSET fluorescence intensity at the microtubule tip following tubulin washout ( Fig. 3 G) , indicating that HSET directly stabilized minus ends after washout, consistent with suppressing the GTP cap removal. We thus conclude that, in contrast to MCAK, HSET directly suppresses the tubulin off-rate at microtubule minus ends.
HSET suppresses minus-end catastrophe and protects minus ends against MCAK Based on our finding that HSET suppresses tubulin off-rate, we predicted that HSET would suppress catastrophe frequency, in contrast to the well-known catastrophe-promoting activity of MCAK (Desai et al., 1999; Newton et al., 2004; Gardner et al., 2011b) . To test this hypothesis, we grew dynamic microtubules with 10 µM tubulin and 10 nM GFP-HSET. In these conditions, HSET walked processively toward the minus end, where it tiptracked the growing minus end ( Fig. 4 A) . Microtubule growth and shrinkage rates at both the plus and minus ends were not significantly different in the presence or absence of HSET ( Fig. 4 B and Fig. S3 C) . HSET did not significantly affect plus-end catastrophe, but strongly and specifically suppressed minus-end (Fig. 4 C) . In contrast, MCAK significantly increased catastrophe at both plus and minus ends (Fig. 4 , D and F) without affecting the growth rate at either end ( Fig. 4 E) , consistent with previous reports at the plus end alone (Montenegro Gouveia et al., 2010; Gardner et al., 2011b) . When HSET and MCAK were combined, we observed significant suppression of catastrophe, specifically at the minus end (Fig. 4, D and F) . These findings directly correlate the effects of each of the motors on the GTP-tubulin offrate with their specific and antagonistic modulation of microtubule catastrophe.
Conclusions
Classic in vitro studies of microtubule dynamics have long established that, like plus ends, microtubule minus ends stochastically switch between periods of growth and shrinkage, albeit with distinct dynamic parameters (Walker et al., 1988) . The factors driving these differences remained unknown, keeping the minus end at the "dark side of microtubule dynamics" (Desai and Mitchison, 1997) for decades. Recent studies of microtubule minus-end binding proteins elucidated the importance of minus-end regulation in cells (Hendershott and Vale, 2014; Jiang et al., 2014 Jiang et al., , 2017 Yau et al., 2014; Noordstra et al., 2016; Atherton et al., 2017) . In this study, we used in vitro reconstitution of microtubule dynamics to reexamine the inherent mechanisms of minus-end catastrophe. Microtubule catastrophe occurs via the loss of a protective cap of GTP-tubulin, the size of which is widely considered to be the determinant of microtubule plus-end stability. When microtubule growth rate is increased in vitro by increasing tubulin concentrations, the plus-end EB-comet size also increases (Bieling et al., 2007) , while microtubule catastrophe is suppressed (Walker et al., 1988; Drechsel et al., 1992; Minus-end control: n = 74, 118, 56; minus-end MCAK: n = 12, 9, 41; minus-end MCAK + HSET: n = 29, 13, 34. (F) Catastrophe frequency of plus and minus ends in a control, with MCAK, and with both MCAK and HSET. Plus-end control: n = 66, 154, 63; plus-end MCAK: n = 113, 129, 118; plus-end MCAK + HSET: n = 216, 7, 220. Minus-end control: n = 67, 109, 54; minus-end MCAK: n = 11, 9, 39; minus-end MCAK + HSET: n = 24, 8, 32. Error bars represent counting error. Multiple unpaired t tests were performed for all plus-and minus-end conditions. n.s., P ≥ 0.05; *, P ≤ 0.05; ***, P ≤ 0.001. 2011b). Furthermore, larger EB comets have been directly correlated with prolonged stability against dilution-induced catastrophe at microtubule plus ends . The size of the GTP cap is set by the difference between the microtubule growth and GTP hydrolysis rates (see Materials and methods); thus, modulation of the GTP hydrolysis rate may be a potent mechanism for setting the GTP cap size, and consequently regulating microtubule stability. Indeed, a recent study linked smaller EB comets, presumably due to a faster GTP hydrolysis rate, to increased dynamicity of Caenorhabditis elegans tubulin (Chaaban et al., 2018) , and modulation of the GTP hydrolysis rate has been implicated in regulation of microtubule plus-end catastrophe by several microtubule-associated proteins (Maurer et al., 2014; Zhang et al., 2017 Zhang et al., , 2018 . Structural studies have proposed a mechanism of tubulin conformational changes during hydrolysis at the plus end (Nogales et al., 1998 (Nogales et al., , 1999 Alushin et al., 2014) ; however, it is not clear whether the minus end may have a differing mechanism or rate of GTP hydrolysis. Our results show a universal scaling between the EB1-comet size and the growth rate at both ends, suggesting that the overall rate of GTP hydrolysis at the minus end is unlikely to be different from that at the plus end. Moreover, our finding that minus ends display the same lifetimes as plus ends with significantly smaller EB comets implies that the absolute size of the GTP cap is not the primary determinant of microtubule lifetime.
How can minus ends maintain their stability in spite of their small GTP caps? While our results show that an increase in minus-end growth rates also correlates with larger EB comets and enhanced stability, the sensitivity of minus ends to the GTP cap size appears to be much lower than that of the plus ends. We do not think that potential differences in rates of GDP-tubulin dissociation at the two ends following catastrophe underlie this distinct sensitivity; we found rapid minus-end depolymerization rates to be no slower than those at plus ends upon catastrophe (Fig. S3 C) . Instead, based on our results, we propose that this difference is due to the significantly lower rate of GTP-tubulin dissociation at dynamic minus ends. Given that even a couple of layers of unhydrolyzed tubulin are sufficient to prevent microtubule catastrophe (Drechsel and Kirschner, 1994; Caplow and Shanks, 1996) , we conclude that the small, but stable, GTPtubulin cap may be the key to minus-end longevity.
Beyond the simple models using kinetic rates of tubulin association, dissociation, and GTP hydrolysis, it is increasingly clear that the interplay of kinetics and microtubule end structure ultimately encodes microtubule end stability (Brouhard and Rice, 2018) . Dynamic remodeling of end structure over the period of microtubule growth has been implicated in microtubule aging, providing a potential explanation for the observed nonsingle-step kinetics of plus-end catastrophe (Coombes et al., 2013) . Our measured distributions of minus-end lifetimes show that minus-end catastrophe cannot be modeled as a singlestep random process, implying that, like plus ends, minus ends undergo an aging process. Consistent with this finding, a recent cryo-electron tomography investigation of the microtubule end structures reported no statistically significant differences between the two ends (Atherton et al., 2018) . Importantly, this study did not control for the age of the microtubules. Future high-resolution studies are needed to detect potential signatures of structural aging over the microtubule lifetime at either end. Structural effects on microtubule end dynamics may well be encoded in the microtubule lattice; an intense area of recent study (Geyer et al., 2015; Aumeier et al., 2016; von Loeffelholz et al., 2017; Vemu et al., 2018) . Notably, minus ends display higher frequency of microtubule rescue (transition from shrinking to growing state), and newly generated minus ends may be stable against depolymerization both in vitro and in cells (Walker et al., 1989; Tran et al., 1997; Goodwin and Vale, 2010; Tanaka et al., 2012; Hendershott and Vale, 2014; Jiang et al., 2014) . The mechanisms of microtubule rescue and its regulation remain a mystery and more work is needed to understand whether and how microtubule lattice structure encodes rescue at either end Fees and Moore, 2019; Kuo et al., 2019; Lawrence and Zanic, 2019) .
A number of kinesin motors have been identified as regulators of microtubule dynamics; our results now add human kinesin-14 HSET to this list. Unlike kinesin-13 MCAK, which does not discriminate between the two ends, HSET's regulatory activity is restricted to the minus end, since its directionality strongly enhances its localization to minus-end tips. Both MCAK and HSET have a specific effect on microtubule catastrophe, without changing the microtubule growth or shrinkage rates (Newton et al., 2004; Montenegro Gouveia et al., 2010) , consistent with the idea that they are regulating GTP-tubulin off rate, which is predicted to primarily affect catastrophe, and not growth or shrinkage. Specific regulation of minus-end catastrophe by HSET is in stark contrast with the effects of other known minus-end regulators. For example, proteins from the CAMSAP family of minus-end regulators exert simultaneous effects on several dynamic parameters: while they suppress catastrophe, they also slow down minus-end growth, suggesting a distinct mechanism from that of HSET (Hendershott and Vale, 2014; Jiang et al., 2014) .
Overall, our finding that MCAK and HSET target the same kinetic rate, but regulate it antagonistically, suggests a general mechanism for specific regulation of microtubule catastrophe. We do not know whether HSET sterically inhibits localization of MCAK to minus ends, as reported for CAMSAP (Atherton et al., 2017) ; nevertheless, our results demonstrate an intriguing phenomenon where HSET effectively converts MCAK into a plusend-specific depolymerase. MCAK and HSET are both mitotically active kinesins, and perturbations of either result in large-scale disruptions in spindle length and morphology (Ohi et al., 2007; Cai et al., 2009; Domnitz et al., 2012) . Though HSET has previously been shown to be a force balance factor in the spindle (Mountain et al., 1999; Cai et al., 2009; Hentrich and Surrey, 2010; Reinemann et al., 2018) , as well as a kinesin involved in pole focusing and spindle organization (Cai et al., 2009; Hepperla et al., 2014) , its role in regulating minus-end dynamics within the spindle, and potentially counterbalancing MCAK, has not yet been studied. We hope that our study will inspire development of more refined, holistic models encompassing the dynamics of both microtubule ends, and lead to future studies in cells, uncovering how regulation of both microtubule ends is integrated to give rise to the dynamic cellular microtubule architecture.
Materials and methods

Protein biochemistry
Tubulin and microtubule preparation Tubulin was purified from porcine and bovine brains using standard protocols (Castoldi and Popov, 2003; Gell et al., 2011) . Briefly, porcine tubulin was purified by cycles of polymerization/depolymerization followed by purification on a phosphocellulose column and a final subsequent polymerization/ depolymerization cycle (Gell et al., 2011) . Bovine tubulin was purified by cycles of polymerization/depolymerization using the high-molarity Pipes buffer method (Castoldi and Popov, 2003) . Labeling of tubulin with TMR (tetramethylrhodamine), Alexa Fluor 488, Cy5, and Alexa Fluor 647 dyes (Invitrogen) was performed as previously described (Hyman et al., 1991) . GMPCPPstabilized microtubule seeds were prepared as previously described (Gell et al., 2010) by polymerizing a 1:3 molar ratio of TMR-labeled/unlabeled tubulin in the presence of GMPCPP at 37°C for 1 h, before being diluted and spun down at 20 pounds per square inch (126,000 × g) for 5 min. Concentrated seeds were then re-suspended in 100 µl BRB80 (80 mM Pipes/KOH, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA) and diluted 5-20 times for use in experiments.
Other proteins EB1-GFP was expressed in Escherichia coli and purified as previously described (Zanic et al., 2009 ). His6-HSET tagged with enhanced GFP was expressed in Spodoptera frugiperda (Sf9 cells) and purified as previously described . Human MCAK-His6 was expressed in Sf9 cells and purified as previously described (Helenius et al., 2006) .
Assay conditions and imaging
Chamber preparation Microscope chambers were constructed with 18 × 18-mm and 22 × 22-mm coverslips separated by parafilm, briefly melted to create channels 0.1 mm thick, 2-3 mm wide, and 18 mm long. Glass coverslips (no. 1.5; Corning) were cleaned in piranha solution (3:7 H 2 O 2 /H 2 SO 4 by volume) before silanization with a 0.05% solution of dichlorodimethylsilane in trichloroethylene, as previously described (Gell et al., 2010) . To immobilize microtubules, channels were incubated with 1:50 anti-TMR antibody (Life Tech.) in BRB80 for 5 min and incubated with 1% pluronic F127 in BRB80 for 30 min, and, finally, diluted GMPCPP seeds in BRB80 were washed in and immediately washed out. Rinses between steps were done with BRB80.
Microfluidic devices Y-shaped microfluidic devices were prepared similarly to those previously described by Duellberg et al. (2016) , but with two branched inlets instead of three. Silicon molds with negative channel patterns were produced using deep reactive ion etching. A mixture of polydimethylsiloxane (PDMS) and curing agent (Dow Corning; 10:1 wt/wt) was poured over a mold, degassed for 20 min at room temperature, and polymerized for 4 h at 60°C. Holes for the inlet and outlet channels were created in the peeled-off PDMS block using biopsy punchers (Miltex; diameter 1.5 mm). The structured side of the PDMS and a 22 × 22-mm glass coverslip were treated with air plasma (PDC-32G; Harrick Plasma) for 20 s. A small area of 4 × 10 mm, where imaging was to occur, was protected from plasma radiation by a small PDMS block to ensure the integrity of the surface functionalization. Immediately after plasma treatment, the exposed sides were bonded to form the channels, and tubing (Tygon; inner diameter of 0.5 mm) was connected to the PDMS inlets/outlet and Hamilton gas tight syringes (1,000 ml total volume; used for channel preparation only). The microfluidic devices were used for TIRF microscopy experiments immediately after assembly.
Imaging
Imaging was performed as previously described (Lawrence et al., 2018) using a Nikon Eclipse Ti microscope with a 100×/ 1.49 NA TIRF objective and Andor iXon Ultra EM-CCD (electronmultiplying charge-coupled device) and NEO sCMOS (scientific complementary metal-oxide semiconductor) cameras; 488-nm, 561-nm, and 640-nm solid-state lasers (Nikon Lu-NA); Finger Lakes Instruments HS-625 high-speed emission filter wheel; and standard filter sets. An objective heater was used to maintain the sample at 35°C. Images were acquired using NIS-Elements (Nikon).
Microtubule dynamics assay
Dynamic microtubule extensions were polymerized from surface-bound GMPCPP-stabilized seeds as described previously (Gell et al., 2010) . Imaging reactions consisted of BRB80 supplemented with 1 mM GTP (unless otherwise indicated) and anti-fade solution: 40 mM D-glucose, 40 µg/ml glucose oxidase, 16 µg/ml catalase, 0.08 mg/ml casein, 10 mM dithiothreitol, and 50 mM KCl. Protein concentrations used are indicated in the text. Fluorescently labeled tubulin was typically used at a ratio of between 5% and 10% of the total tubulin. Reactions containing HSET and/or MCAK were additionally supplemented with 1 mM ATP. Dynamics assays with HSET and/or MCAK were performed in the same way. MCAK was stored and diluted in BRB20 (20 mM Pipes/KOH, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA), and control experiments contained an equivalent volume of BRB20 to MCAK conditions. GFP-HSET was diluted in BRB80, and control conditions contained an equivalent volume of HSET storage buffer (10 mM K-HEPES, pH 7.7, 300 mM KCl, 1 mM dithiothreitol, 100 µM MgCl 2 , 100 µM ATP, and 20% sucrose). Dynamics experiments with motors used 10 µM tubulin, 7% labeled with Alexa Fluor 647 dye. Dynamics movies for the tubulin titration series and for dynamics with motors were imaged for 30 min at 0.2 frame per second (FPS), with the exception of the HSET-alone dynamics series. For this, the representative kymographs come from movies imaged at 0.2 FPS for 30 min, but careful measurements of growth rate, shrinkage rate, and catastrophe frequency for this series come from movies taken at 1 FPS for 30 min. For cumulative distribution function (CDF) analysis, dynamic experiments were repeated as above, using slightly different imaging conditions to detect small microtubule lifetime events. Dynamic microtubules grown with 6 µM or 13 µM tubulin were imaged for 1 h at 0.3 FPS, using an Optovar increased magnification (1.5×) to achieve a pixel size of 106 nm. Imaging was delayed for 10 min to allow the chamber to reach steady state. For microtubule dynamics assay with EB1 comets, conditions were the same as described above with the following exceptions: 17 mM KCl and 0.01% methylcellulose were used in the imaging reaction. Images were taken at 0.5 FPS. All of the dynamics experiments were imaged using the EM-CCD camera.
Dilution experiments
Fast solution exchange in the micro-channel was achieved by switching the flow from two different inlets that were controlled by independent pumps (OB1 MK3; ElveFlow) and flow sensors (MFS2 and MFS3; ElveFlow) between pumps and inlets. To assemble a sample, short GMPCPP-stabilized, TMR-labeled microtubule seeds were introduced through one inlet and allowed to attach to the functionalized glass surface. To initiate microtubule growth, 6, 12, or 18 µM 20% Alexa Fluor 647-labeled tubulin was introduced through the first inlet at a constantly maintained flow rate of 7 µl/min for 90 s, and then flow was stopped for the remaining growth period. Imaging buffer was supplemented with 0.05% methylcellulose. After a short period of growth (5-10 min), sub-second tubulin washout was induced using a 50 µl/min flow of a washout reaction containing BRB80 and anti-fade, unchanged from the initial growth reaction besides tubulin. Plus and minus ends were differentiated by average growth rates before washout. Imaging during the growth phase was performed at 0.2 FPS and imaging of the 640-nm channel just before, during, and after washout was performed at 10 FPS for tubulin-only conditions using the CMOS camera (70-nm pixel). Dilution experiments containing HSET had 100 nM GFP-HSET present in both the growth and washout phases, supplemented with 100 nM unlabeled tubulin during the washout. Experiments comparing the effect of HSET were done at 6.7 FPS (640-and 488-nm channels) using the EM-CCD camera (160-nm pixel).
GMPCPP seed depolymerization
GMPCPP depolymerization experiments were done by growing TMR-labeled seeds as described above. Polarity marking was performed by incubating the coverslip-attached GMPCPP seeds with 0.5 µM 7% Cy5-labeled bovine tubulin with 1 mM GMPCPP in the imaging buffer (without GTP) for 15 min. All tubulin was then washed out with BRB80/anti-fade solution (without GTP), and the chambers were sealed with valap (33% wt/wt Vaseline, lanolin, and paraffin wax). Images were taken every 10 min for 15 h on the EM-CCD camera.
GMPCPP seed depolymerization with MCAK + HSET GMPCPP seed depolymerization assays were performed similarly to the above. TMR-labeled seeds were prepared and bound to the chamber coverglass. Polarity marking was used in control, HSET, and MCAK conditions: 0.5 µM 7% Alexa Fluor 647 tubulin with 1 mM GMPCPP was flown into the chamber and let polymerize for 15 min before the experiment. After 15 min, this mixture was washed out and replaced with imaging buffer containing BRB80, 10 nM GFP-HSET, 10 nM MCAK, or both motors in a reaction mix with anti-fade lacking guanosine nucleotides, but supplemented with 1 mM ATP. Soluble tubulin was not present in the reaction mix unless indicated. To test the effect of tubulin activation, the HSET condition was repeated in the absence of polarity marking, but in the presence of 100 nM 7% Alexa Fluor 647 tubulin. Images were taken every 3 s for 15 min on the EM-CCD camera.
Image analysis and determination of rate parameters
Microtubule dynamics parameters and lifetime analysis Microtubule dynamics were analyzed by creating kymographs of dynamic microtubules in FIJI (Schindelin et al., 2012) using a custom-made plug-in. Polarity of microtubules was determined by comparison of growth rates at each end of the microtubule: faster growing ends were categorized as plus ends, and slower ones were categorized as minus ends. Microtubule dynamics parameters were determined as previously described (Zanic, 2016) . Briefly, growth rates were determined by calculating the difference in distance over time between the start and end of a growth event. Catastrophe frequency was determined as a ratio of the total number of catastrophes observed over the total time microtubules spent in growth for a given movie. Microtubule lifetimes were defined for individual growth events as the total time from the onset of microtubule growth until the onset of catastrophe. Only fully observable lifetime events with a clearly defined start and end were included in any lifetime analysis. Analysis of dynamics in the presence of HSET and/or MCAK was performed in the same way. Shrinkage rate was determined by calculating the difference in distance over time between the start and end of the shrinkage event. Cumulative distributions of lifetimes and fits to exponential and gamma distributions were performed as previously described ( Gardner et al., 2011b; Zanic, 2016) . Specifically, for each condition, all lifetimes were used as input, and the best fit gamma parameters were determined using the gamfit function in the MATLAB Statistics toolbox (MathWorks, Inc.), specified by the gamma probability density function f (t|n, s) t n−1 e −t/s s n Γ(n) ,
where Γ(n) is the gamma function, n is a "shape" (also known as "step") parameter, and s is a "scale" parameter. The function gamfit returns maximum likelihood estimates and CIs for the shape and scale parameters. The reported rate parameter r was determined as the inverse of the scale parameter, r = 1/s, and the error was propagated from the CIs for the scale parameter.
Tubulin on-and off-rates GTP-tubulin on-and off-rates were determined from measured growth rates as a function of tubulin concentration by linear regression analysis in MATLAB (MathWorks, Inc.), assuming
where d = 8 nm is the size of a tubulin dimer, k on is the second order GTP-tubulin on-rate constant, and k off is the first order GTP-tubulin off-rate constant. Given the relatively small values and large uncertainties in the y-intercept, this method is deemed not reliable for precise determination of the GTP-tubulin offrate. For this reason, k off was additionally determined from the depolymerization rate of GMPCPP microtubules, assuming a 14protofilament microtubule structure, as previously described . GMPCPP microtubule depolymerization rates were calculated by placing points at the beginning and end of each shrinkage event and categorized as plus or minus end based on polarity marking. When polarity marks were absent (i.e., in the presence of GFP-HSET), HSET minus-end directionality and localization were used to differentiate the microtubule ends. Outliers were removed using the ROUT method (robust regression and outlier removal; GraphPad Prism), with Q = 0.1%.
EB1-comet length
Image analysis was performed by generating kymographs of microtubule growth events. For each tubulin concentration, 20 microtubules for which both plus and minus ends could be analyzed were selected to determine catastrophe frequency, average growth rate, and average EB1-comet length. The characteristic decay length of the EB1 comets was determined using custom MATLAB functions. The microtubule tip location for each time frame was estimated by fitting a line through two manually clicked points at the beginning and end of a growth event on each kymograph. The pixel with the brightest EB1 intensity within ±5 pixels of the estimated tip location was determined for each time frame and assigned as the bona fide microtubule tip location. Average tip intensity (I tip ) and its SD (σ tip ) of a given growth event were calculated, and any time frames with tip intensity lower than I tip − σ tip were excluded. The remaining points were used to fit a linear function to approximate the growth rate. Time frames with fit residuals more than one SD away from the mean residuals were excluded. The remaining points were used to fit a linear function to determine the growth rate of the given event. For each time frame within the given growth event, the microtubule tips were aligned, and an average intensity profile was calculated. The lattice intensity was determined by averaging the intensity values between 20 and 25 pixels away from the tip. This average lattice intensity was subtracted from intensity profiles from each remaining time frame. Manual inspection was performed to remove any growth events in which the tip locations were not successfully determined by the above automated procedures. The remaining growth events were used to determine the average growth rate (v g ) and its SD (σ vg ) weighted with inverse of the 95% CI of the fitting procedure. Individual growth events were further excluded if they were not within v g ± σ vg . Individual intensity profiles from each individual time frame from the remaining growth episodes were used to generate a super-averaged intensity profile. The super-averaged intensity profile in the range of 1 pixel in the solution background and 20 pixels along the microtubule lattice was fit to an exponential decay convolved with a Gaussian function, given by
where A is the intensity value at the tip, B is the difference between average lattice intensity and solution background, σ is the experimentally determined full width at half maximum of the point spread function, x 0 is the offset in the tip position due to convolution, and λ is the comet decay length.
Tubulin dilution image analysis Delay times, shrinkage length, and instantaneous velocity before washout were determined as previously described , and outliers were removed using the ROUT method, with Q = 0.1%. For instantaneous growth rate, microtubules were grown for 5-10 min in 20 µM tubulin. Instantaneous growth rate was determined by imaging microtubules at 10 FPS for 8-10 s before washout, and measuring the average growth rate during this time. Representative dilution time lapse in Fig. 2 C was background-subtracted using an average rolling ball subtraction to visualize microtubule over time despite different background fluorescent intensities. Fluorescence intensity of GFP-HSET was determined by drawing a linescan over the kymograph of the microtubule tip following washout, and taking the mean intensity measurement. Background was subtracted by taking the mean intensity of a small rectangular area (3-pixel width × length of linescan) in the solution area adjacent to each microtubule tip, so that each individual event had its own background subtraction to account for uneven illumination in the TIRF field of view. Corresponding delay times were plotted as a function of GFP-HSET tip intensity during washout.
Comparison of our cap-size measurements with the predictions from the theoretical model of Bowne-Anderson et al. (2013) A previously developed theoretical model of microtubule catastrophe using a coupled-random GTP hydrolysis mechanism found that, in the regimen of robust microtubule growth ( k off k on [Tb]), the microtubule catastrophe frequency as a function of tubulin concentration may be modeled by
where n is the gamma distribution step parameter, h is the GTPtubulin hydrolysis rate, and k on and k off are GTP-tubulin on-and off-rates, respectively (Bowne-Anderson et al., 2013) . Using our experimentally determined tubulin on-rates (minus: 0.88 ± 0.04 µM −1 s −1 ; plus: 3.34 ± 0.02 µM −1 s −1 ) and off-rates (minus: 0.054 ± 0.004 s −1 ; plus: 0.144 ± 0.006 s −1 ) and assuming gamma step parameter n = 2 for both ends, the best fit of this theoretical model to our catastrophe frequency as a function of tubulin concentration data yields a hydrolysis rate h = 0.07 ± 0.02 s −1 (maximum likelihood estimate with 95% CI) for both ends. The steady-state GTP cap size λ can be modeled as λ = v g /h, where GTP-tubulin subunits are added to the cap with the net polymerization rate v g and removed through the process of GTP hydrolysis with rate h, which is assumed to be independent of tubulin concentration. Under these assumptions, the hydrolysis rate of 0.07 ± 0.02 s −1 would correspond to the GTP cap decay size of 290 ± 80 nm for microtubules growing at 20 nm/s, in excellent agreement with both our EB-comet decay length measurements (Fig. 2 B) and the shrinkage length before dilution measurements (Fig. S2 D) .
Online supplemental material Fig. S1 compares cumulative lifetime distributions of plus and minus ends grown in different tubulin concentrations. Fig. S2 shows the catastrophe frequency of plus and minus ends in the presence of EB1, as well as controls for tubulin dilution experiments. Fig. S3 shows controls for GMPCPP microtubule depolymerization with motors and shrinkage rates of dynamic microtubules with HSET.
